The time course of endogenous phosphorylation in vitro of total or separated synaptic plasma membrane proteins (SPM) has been correlated with that of hydrolysis of the phosphate donor (ATP) in the incubation medium. The ATP/ SPM ratio in the medium was varied. In a low-ratio medium (7.5/~M ATP; 2.2 ~g SPM//zl) a complete hydrolysis of ATP occurred almost instantaneously as was measured by the release of free phosphate in and the disappearance of ATP from the medium. As a consequence, only a very short peak of phosphorylation, followed by dephosphorylation was observed. However, when higher ATP/SPM ratios were used (200/~M ATP; 0.4/~g SPM/p.1 and 500 p.M ATP; 0.4/Lg SPM/ /~1), the incorporation of phosphate into SPM proteins was linear for 20 sec, and the maximum level of phosphate incorporation was increased. Similar results were obtained after separation of 32P-labeled phosphoproteins by slab gel electrophoresis. However, analysis of the autoradiographs obtained from one SPM preparation under different ATP/SPM ratios revealed dependence of phosphorylation of individual protein bands on the conditions used.
INTRODUCTION
Evidence exists that phosphorylation and dephosphorylation of brain cell membrane proteins are involved in the modulation of membrane perme-WlEGANT ET AL. ability, thus influencing certain types of synaptic transmission (1, 2) . Therefore, in the study of factors affecting neurotransmission, the measurement of endogenous phosphorylation of membrane proteins can provide important information. In experiments on in vitro phosphorylation of SPM proteins, [y-32P]-ATP is often used as a phosphate donor (see reference 3). Apart from protein-kinase 'activity, however, synaptic plasma membranes usually contain high levels of other ATP-consuming enzymes, causing rapid hydrolysis of ATP in the incubation medium. Consequently, depending on the ATP/protein ratio used, the ATP concentration might become limiting. When polyacrylamide gel electrophoresis is applied to study phosphorylation of separate SPM protein bands, usually low ATP concentrations are used (/zM) in order to keep the specific activity of the [T-~2P]ATP and, as a consequence, that of phosphorylated proteins as high as possible (4) (5) (6) . In the present communication it is shown that an incubation system based on high specific activity of [y-3~P]ATP (and consequently a low ATP concentration) in fact provides an ATP concentration that is limiting for the phosphorylation reaction. Therefore it seemed worthwhile to gain more insight in the effect of the ATP and SPM concentration on the endogenous phosphorylation of synaptic plasma membrane proteins in vitro.
EXPERIMENTAL PROCEDURE

Animals, Tissue Fractionation, and Protein Determination
Male albino rats of an inbred Wistar strain (TNO, Zeist, the Netherlands) were used, weighing 160-200 g. After decapitation of the animal the cerebral cortex was excised and used for the isolation of synaptic plasma membranes (SPM) according to Terenius (7) . The enriched SPM pellet was suspended in a medium containing 50 mM Na acetate and 10 mM Mg acetate (pH 6.5). Protein determinations were carried out according to the method of Lowry et al. (8) .
In Vitro Phosphorylation Assay
The phosphorylation assays were carried out at 30~ in the same medium under various conditions of SPM and ATP concentrations, and precursor specific activities.
Condition A. 7.5 ~M ATP (2-4 /zCi [T-82P]ATP); 2.2 /zg SPM-protein /t~l; final volume 50 /xl. 110 /zg SPM protein was preincubated for 5 min at 30~ The reaction was initiated by the addition of the ATP, resulting in a final concentration of 7.5 t~M and a final volume of 50/zl. The reaction was terminated by the addition either of a solution of ice cold TCA to a final concentration of 5%, or of 25/~1 SDS solution, resulting in final concentrations of 62.5 mM Tris-HC1, pH 6.5; 2% SDS; 10% glycerol; 0.001% bromophenol blue; 5% 2-mercaptoethanol.
Condition B. 200 /xM ATP (4-15 txCi [y-8~P]ATP); 0.4 SPM proteirg/~l; final volume 25/xl. The incubation procedure was essentially the same as described for condition A and was terminated by addition of 12.5/zl SDS solution, resulting in the same final concentrations as described for condition A.
Condition C. 500/xM ATP (4-15/zCi[ y-32p]ATP); 0.4/~g SPM protein/#l; final volume 25/~1. The incubation procedure was identical to that described for condition A. The reaction was terminated by addition of 12.5 /xl SDS solution, resulting in the same final concentrations as described for condition A.
Measurement of ATP Hydrolysis
Hydrolysis of ATP during the incubation with SPM was studied under all three conditions mentioned above. The reaction was started by addition of [14C]ATP (approx. 20.000 dpm) and terminated by adding TCA to a final concentration of 5%. After centrifugation the supernatant was neutralized with 1 N NaOH and loaded on a small Dowex 1 • 2 column (height 3 era; diameter 0.4 cm). Subsequently, the ATP was eluted according to Glynn and Chappell (9) and the eluate counted for 14C radioactivity.
Determinations of Free Phosphate
Production of free phosphate during the incubation was studied under the different conditions of incubation. The reaction was started by the addition of ATP and terminated by adding TCA, resulting irt a final concentration of 5%. After centrifugation, free phosphate was measured in the supernatant using the method of Hurst (10) .
Measurement of Phosphate Incorporation in Total Protein
The phosphorylation reaction was stopped with TCA. In the case of conditions B and C, i00 tzg TCA-treated SPM protein was added to the sample as a carrier. Subsequently, phosphorylation of total SPM protein was determined after removal of phospholipids and unbound phosphates according to Rodnight et al. (3) .
Separation of Individual Phosphoprotein Bands
The phosphorylation reaction was stopped with SDS solution; 35-/.d aliquots of each incubation mixture were subjected to SDS-polyacrylamide gel electrophoresis on slab gels as described by Lugtenberg et al. (11) . Staining, destaining, and autoradiography were carried out as described previously (6) . Autoradiographs of the gels were scanned densitometricaUy using a linear gel scanner (slide width 0.1 ram) and a Zeiss PMQ II spectrophotometer. With this improved scanning method, more phosphoprotein bands could be identified than under the conditions previously used by us (6) . Therefore, the labeling profile was divided into several areas (A-D) and the protein bands were renumbered. In one experiment, after the autoradiography was performed, the protein band B50 was excised from the gel. Subsequently, the incorporation of 3zp in this band was determined by liquid scintillation counting, and the total incorporation of phosphate was computed from the specific activity of the [y-32p]ATP in the incubation medium.
Estimation of molecular weight was done by comparing the electrophoretic mobilities of the various membrane proteins with those of the following marker proteins: phosphorylase b (92, 500), bovine serum albumin (67,000), catalase (60,000), ovalbumin (45,000), lactate dehydrogenase (36,000), chymotrypsinogen (25,000) and hen egg lysozyme (14,000). Figure 1 illustrates that hydrolysis of ATP by synaptosomal plasma membranes (SPM) in vitro is a very rapid process. When the ATP/SPM ratio is kept low (condition A), essentially all the ATP is hydrolyzed within the first 5 sec of the incubation ( Figure 1A ). The amount of free phosphate released into the medium during the 120 sec of the incubation corresponds to three times the molar amount of ATP present at the beginning of the reaction.
RESULTS
When higher ATP/SPM ratios were used for the incubation (conditions B and C), a lower rate of depletion of ATP was observed. This resulted in much higher ATP levels during the incubation ( Figure 1B and C) . Under these conditions the amount of free phosphate released equals the amount of ATP that is hydrolyzed.
In Figure 2 the effect of the various ATP/SPM ratios on the time course of phosphorylation of total SPM protein is shown. The net incorporation (Figure 2A) . This maximum was reached within 2 sec, being the shortest incubation time used. Incubation for longer than 2 sec resulted in a rapid net dephosphorylation.
If an additional aliquot of [y-32P]ATP was given at t = 90 sec to increase the actual ATP concentration by 7.5/~M, then again an increased phosphorylation instead of a net dephosphorylation could be observed (Figure 3 ). The pattern of phosphorylation matches that seen at the start of the incubation. [y~2P]ATP was added to the medium at 0 sec resulting in a concentration of 7.5 tzM, and at 90 sec resulting in an increase of the ATP concentration by 7.5/zM (arrows).
Using the 200/~M condition (B), the maximum amount of incorporated phosphate (0.55 pmol//xg protein) was much higher than under the 7.5 /zM condition (A) ( Figure 2B ). The maximum was reached after approximately 60 sec. Further increase of the ATP/SPM ratio again resulted in a higher level of phosphate incorporation as can l~e seen from Figure 2C .
Using the 500/zM condition (C), a maximal phosphate incorporation of 1.25 pmol//xg protein was reached after approximately 60 sec. Thus, under conditions B and C the maximal amount of incorporated phosphate appeared to be proportional to the ATP concentration. Phosphorylated SPM material was separated by SDS polyacrylamide gel electrophoresis. Possible adhering free a2Pi or [T-32P]ATP was removed during the electrophoretic separation, as was evidenced by the absence of radioactivity in gels having aliquots from incubations started and stopped at 0 sec (data not shown).
Protein staining of the gels revealed numerous protein bands, but no differences were found in this respect between patterns of SPM material phosphorylated under conditions A, B, and C.
Densitometric scanning of the autoradiographs was performed with higher resolution than described previously (6) . As a result more phosphoprotein peaks could be identified and therefore the peaks were renumbered. In Figure 4A and B scanning patterns obtained after incubation of SPM for 15 sec under conditions A and B are shown. The scans were divided in 4 areas (A-D). Main peaks visible under all conditions were then numbered in tens, allowing numbering of bands visible only under special circumstances (like cAMP-sensitive bands, numbers A55, B35) in units. As a consequence, the peaks previously designated 1-10 (6) are now numbered A50, A55, B30, B35, B40, B50, D10, D20, D25, and D30, respectively. In contrast to protein staining patterns, densitometric scanning of the autoradiographs showed that labeling kinetics of the separated protein bands markedly depended on the ATP/SPM ratio in the incubation medium. Figure 4 shows the scanning patterns of SPM material incubated for 15 sec under both condition A and B. Pronounced differences were found in band A46, D15, and D26 which were only detectable after incubation under condition B. Furthermore, differences in distribution of the label between the two conditions were observed, i.e., differences in the amount of label per region, relative to total gel radioactivity.
In view of our interest in ACTH-sensitive brain protein phosphorylation (6, 12) , the phosphorylation of one single ACTH-sensitive protein band (B50, MW 48,000 Dalton) was studied at different ATP/SPM conditions ( Figure 5 ), as a function of the incubation time. The shortest incubation time used in this experiment was 5 sec. At 7.5/zM ATP, the is insufficient in maintaining the specific activity. Therefore, in such studies, it is necessary to provide saturating ATP levels throughout the incubation. The results of our experiments concerning the breakdown of ATP clearly show that when the low ATP/SPM ratio is used (condition A), essentially all the ATP is hydrolyzed within the first 5 sec of the incubation. This is confirmed by the rapid increase in free phosphate in the medium ( Figure 1A) . Obviously the high level of membrane-bound ATPases in SPM is responsible for this loss of ATP (rather than the phosphorylation reaction), because the total amount of ATP used for phosphorylation of total SPM protein (110 /zg) under condition A is negligible (2.3 pmol = approx. 0.6%). The amount of free phosphate present after 120 sec corresponds to three times the molar amount of ATP at the beginning of the incubation and in fact this suggests hydrolytic cleavage of all three phosphate bonds of ATP. The hydrolysis of the o~-phosphate bond can be accounted for by the high level of 5'-nucleotidase activity as this enzyme was taken as a membrane marker in the enrichment of the SPM fraction (7). The rapid hydrolysis of ATP results, under this condition, in a lack of phosphate donor in the medium, and this might explain why phosphorylation of total ( Figure 2A ) as well as separated ( Figure 5A ) SPM proteins stops instantaneously. Thus, increasing the ATP-concentration with 7.5/zM at t = 90 sec results, as expected, in a similar peak in phosphorylation as seen at the beginning of the incubation (Figure 3 ). Taken together, these observations indicate that under low ATP/high SPM conditions the ATP concentration becomes limiting immediately after the start of the reaction. Therefore it is not surprising that the maximal amount of incorporated phosphate as measured in such experiments, remains very low (total SPM protein: 0.02 pmol//zg; band B50:0.55 fmol//xg SPM protein). The possibility that incubation times shorter than used here would result in a higher maximum of incorporated phosphate should be seriously considered. As a consequence, the actual phosphorylation profile observed under such conditions would then, for a major part, depend on the shortest incubation time used.
Under condition B the ATP/SPM ratio is approx. 140 times higher than under condition A. Here the disappearance of ATP from the medium is considerably slower (Figure 1B) . This results in a much higher ATP concentration during the incubation. Accordingly, the incorporation of phosphate into proteins was linear during the first 20 sec. From this partial iinearity of the curve ( Figures 2B and 5B) , it can be concluded that at least during the first 20 sec of the incubation the concentration of ATP is not a limiting factor in the phosphorylation reaction. The incorporation of phosphate finally resulted in a much higher maximum than when condition A was used (total SPM protein: 0.55 pmol//xg; band B50: 6.3 fmol//xg SPM protein). This maximum was reached only after 60 sec. A similar time course was found by Weller and Morgan (13), who studied the endogenous cAMP-stimulated phosphorylation of total SPM protein, using an incubation system containing 500/zM ATP and 0.2/xg SPM//xl in a final volume of 1 ml.
Further increase of the ATP/SPM ratio by a factor 2.5 (condition C) enhanced the initial velocity of the phosphorylation of total protein by the same factor ( Figure 2B ). This then points towards a stimulatory effect of ATP on the phosphorylation of total SPM protein as was also described by Rodnight et al. (3) . Moreover, the maximal amount of phosphate incorporated into total protein increased proportionally indicating that acceptor proteins not saturated with phosphate were still present under these conditions ( Figure 2B and C) . However, such effects of ATP on the velocity and on the maximum of the phosphorylation were not found when phosphate incorporation into protein band B50 was determined ( Figure 5 ). In this band, the maximum incorporation reached the same value under both conditions B and C. This indicates, in fact, a saturation of the phosphorylation system of this substrate protein under both conditions.
Taken together with the qualitative and quantitative differences found between scanning patterns of SPM material phosphorylated under low and high ATP/SPM ratio conditions, these data not only suggest the presence in SPM of protein kinases with different properties, but also stress the differences existing between acceptor proteins.
In conclusion, the data presented in this paper lend support to the notion that saturation of the acceptor proteins with phosphate can be a matter of minutes (cf. Weller and Morgan, reference 13) rather than seconds (cf. Ueda et al., reference 4) and will certainly not occur at limiting ATP concentrations. Therefore, and in view of the high ATPase activity in SPM preparations, it is essential to use high ATP concentrations in studies on the endogenous phosphorylation of total as well as of separated SPM proteins to avoid limiting conditions.
If the influence of experimental variables (drugs, ions, etc.) on the endogenous phosphorylation of synaptic plasma membrane proteins is studied, one should take into consideration the dependence of the phosphorylation profile and thus that of the kinase involved on the ATP/SPM ratios used.
